Anomalous magnetoresistance behavior of CoFe nano-oxide spin valves at low 

temperatures 
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We report magnetoresistance curves of CoFe nano-oxide specular spin valves of Mnlr/CoFe/nano- 
oxidized CoFe/CoFe/Cu/CoFe/nano-oxidized CoFe/Ta at different temperatures from 300 to 20 K. 
We extend the Stoner-Wolfarth model of a common spin valve to a specular spin valve, introducing 
the separation of the pinned layer into two sublayers and their magnetic coupling across the nano- 
oxide. We study the effect of different coupling/exchange (between the antiferromagnetic layer and 
the bottom sublayer) field ratios on the magnetization and magnetoresistance, corresponding with 
the experimentally observed anomalous bumps in low temperature magnetoresistance curves. 

I. INTRODUCTION 



A simple spin valvei (SV) is a nanostructure with 
two ferromagnetic (FM) layers separated by a sufficiently 
thick nonmagnetic (NM) spacer. An adjacent antifer- 
romagnetic (AFM) material fixes the magnetization of 
one of the FM layers, the so-called pinned layer. The 
other FM layer, called the free layer, is only weakly cou- 
pled (magnetically) to the pinned layer. Spin up and 
spin down electrons are differently scattered (either in 
the bulk or at the interfaces), usually producing a large 
magnetoresistance (MR) when a small applied magnetic 
field H reverses the free layer magnetization with respect 
to that of the pinned layer. 

Recent reports on spin valves with the pinned and/or 
free layer partially oxidized(2i^ showed great MR en- 
hancement over the conventional (nonoxidized) spin 
valves (CSV). Electrons are believed to reflect specu- 
larly at the nano-oxide layer (NOL)/FM interfaces, thus 
yielding higher MR ratios. Low temperature and tem- 
perature dependence studies of the transport and mag- 
netic properties of NOL SVs can provide valuable infor- 
mation on the oxide layer properties, also assisting in 
the optimization of NOL SVs and corresponding physi- 
cal understanding!^ 

We previously reported^ the temperature depen- 
dence of the magnetoresistance MR(H) curves for 
NOL SVs with the structure seed/Mnlr/CoFe/oxidation 
(NOLl)/CoFe/Cu/CoFe/ oxidation (N0L2). The flrst 
FM deposited layer (CoFe on Mnir) will be called the 
below-NOLl pinned layer (FMf,) and its upper part is 
oxidized over an adequate thickness to form the NOLI 
layer. The FM layer deposited after this oxidation will be 
called the above-NOLl pinned layer (FMa). The pinned 
layer thus consists of both FMb and FMq sublayers, sep- 
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FIG. 1: Structure of a NOL SV. 



arated by the NOLI oxide layer. Our studjA included 
the temperature dependence of the M(H) and MR(H) 
curves for such NOL SVs, revealing the appearance of 
several anomalous features at low temperature, namely 
anomalous bumps in MR(H) at intermediate flelds and 
the absence of complete MR saturation up to large posi- 
tive fields. In this article we focus on the physical origin 
of such features. For this we present a model based on 
the total energji^ of a NOL SV to describe the magnetiza- 
tion orientation in each of the three FM layers under an 
external magnetic field and the resulting MR(H) behav- 
ior. We assume that the FM;, and FM^ layers are ferro- 
magnetically coupled across NOLI (Fig. QJ^ and study 
the effect of such coupling strength on the magnetiza- 
tion M(H) and MR(H) curves. The model accounts for 
the observed anomalous MR(H) bumps?^ relating them 
to the M reversal in the pinned layer. 
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The absence of full alignment in large positive fields at 
low temperature is discussed in terms of the permanence 
of 360° domain walls; the underlying H asymmetry is 
related to the dc field anneal. The key role played by the 
nano-oxide CoFe specular layers is also emphasized. 

II. THEORETICAL MODEL 

We extend the simple model describing the total en- 
ergy of a CSVifi to the more complex structure of NOL 
SVs, explicitly introducing the pinned layer partition into 
the FMb and FMa sublayers separated by NOLI. The ex- 
change coupling between the FMh and AFM layers fixes 
the easy axis of the magnetization in the FMh layer and 
(as a consequence of coupling interactions) in the FMq 
and free layers. We assume coherent rotation of the mag- 
netization within each layer, under an external magnetic 
field H. To simplify the treatment no anisotropy terms 
are included. The total energy per unit area i? of a NOL 
SV is thus written as the sum of Zeeman Ezeeman , cou- 
pling Ecoup, and exchange Egxch energies (H along the 
easy axis): 

Ezeenian = -y^nMbtbH COS 9^ - ^ioMjaH COS 0a 

- fioMtH COS e, ^ ' 
Ecoup ~ —Jnoli cos(0b — 6a) — Jnm cos(^^a — 9), (2) 



Eexch — —Jexch COS 9h. (3) 

Mf, {9b), Ma {9a), and M {9) are the saturation magneti- 
zations (angles of the magnetization with the easy axis) 
in the FMb, FMa, and free layers, respectively. Jjvoii 
(Jatm) is the ferromagnetic exchange coupHng energy per 
unit area between the FMf, and FM^ (FMa and free FM) 
layers and 3exch is the exchange bias energy per unit area 
between the AFM and FMh layers. Here tb, ta, and t are 
the thicknesses of the FM^ , FMa (assumed equal), and 
free layers (thicker than the previous), respectively. 

We numerically obtain the 9b, 9a, and 9 angles which 
minimize E for each value of H and then calculate the 
total magnetic moment per unit area m of the NOL SV 
appearing along the easy axis: 

m{H) = Mbtb cos{9b{H)) + Mata cos{9a{H)) 

+ AItcos{9{H)). ^ ' 

Dieny et aU showed that in a CoFe/Cu/SyAP/MnPt 
spin valve (SyAP: synthetic AFM^ pinned layer of 
CoFe/Ru/CoFe), the magnetoresistance associated with 
the two CoFe sublayers separated by Ru is only a small 
fraction of total MR. As a first approximation we then 
assume that MR is only due to the relative orientation of 
the magnetization in the FMa and free layer: 

MR{H) = AR(l^^^^^Mm^^y (5) 
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FIG. 2: Model simulations using different Jexch / 3 noli ra- 
tios. 



where AR is a characteristic amplitude. As expected for 
very small Jjvm (across the spacer) the almost uncoupled 
free layer always reverses suddenly at very low negative 
values of H, but the model predicts three regimes for the 
rotation of the pinned layer at higher fields, depending 
on the 3NOLi/3exch ratio: 

(i) 3noli >3exch [Fig. Ela)]: the magnetization of 
both FMb and FMa sublayers fully rotate (0 ^ tt) in a 
narrow field interval and always with approximately the 
same angle. This occurs because the large magnetic cou- 
pling between FMf, and FMa (compared to Jexch) forces 
the two layers to behave as a (single) intra-pinned layer. 
Figure Etb) shows the predicted MR(H) curve, display- 
ing an abrupt MR drop when the magnetizations of FM^ 
and FMa rotate. 

(ii) 3 NOLI SjJexch [Fig. He)]: both FMb and FMa 
layers reverse in the same field interval, but the cor- 
responding range increases with decreasing J noli and 
a considerable dephasing occurs between 9b and 9a at 
intermediate fields. Such increase in {9b — 9a) leads to 
broadening in the M(H) and MR(H) curves. Figurel^d) 
illustrates, for 3 noli = 0.4 Jexch , the predicted bump 
in the MR(H) curve at sufficiently negative fields. 

(iii) J NOLI ^3exch [Fig. I3e)]: the magnetizations of 
FMb and FMq now reverse almost individually and over 
distinct narrow field ranges; a small disturbance in the 
other's magnetization angle occurs in such ranges, pro- 
ducing also a disturbance in MR [Fig. Eljf)]. If 3 noli 
is further decreased, both Mb and Mq reversals become 
truly independent, i.e., no change in the angle of the mag- 
netization of one layer is visible when the other rotates. 
This produces three steps in the M(H) curve, correspond- 
ing to the magnetization reversal in the FMb, FMq, and 
free FM layers. No variation occurs in MR due to FMb 
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FIG. 3: Magnetoresistance of NOL SV at low (25 K) and high 
(300 K) temperature. 



magnetization reversal [Eq. |^. 

III. EXPERIMENTAL MR(T;H) BEHAVIOR 

The details on the spin valves preparation and mea- 
surement techniques have been previously reported^ and 
will not be presented here. We simply comment that af- 
ter being post-annealed in vacuum (10~6 Torr) at 270°C 
for 10 min the spin valves were cooled in a 3 kOe applied 
field, to impress an easy magnetic axis. 

Room temperature MR(H) curves for a NOL SV with 
the structure Ta(67 A)/Ni8iFei9(42 A)/Mn83lri7(90 
A)/CoFe(14 AYoxidation/Co9oFeio(15 A)/Cu(22 
A)/Co9oFeio(40 A)/oxidation/Ta(30 A) exhibit the 
usual SV behavior (inset of Fig. EJ: in a positive field 
both pinned and free layers are parallel aligned (tt), 
but the magnetization of the free layer abruptly reverses 
in a small negative field (jt alignment results), leading 
to a high resistance over a finite AT? range. Parallel 
alignment in the opposite sense (J, J.) ultimately occurs 
when the negative field overcomes the exchange bias 
between the AFM and the pinned layer, leading again to 
the low resistance state. The incorporation of the NOL 
greatly enhances the MR ratio over that observed in the 
corresponding nonspecular SV, from 5.9% to 12.5% at 
room temperature in our case. This ratio was found to 
increase linearly with decreasing temperature;^ due to 
the decrease in electron-spin wave scattering in the FM 
layers iS 

With decreasing temperature the following features 
arise in the MR(H) curves of the NOL SV (Fig. EJ Large 
MR(H) broadening and the emergence of two anomalous 
MR bumps, one at each side; incomplete tt alignment in 



positive fields up to Umax = 8 kOe (MR does not vanish), 
whereas full H ahgnment (MR=0) occurs under moder- 
ate negative fields; absence of the usual AH plateau of 
constant (maximum) MR at low temperatures, indicating 
imperfect magnetization antiparallelism; and large hys- 
teretic MR(H) cycles. These features are related to the 
presence of the NOL, since they are absent (or rather 
small) in the CSV.^ 



IV. DISCUSSION AND CONCLUSIONS 

Increasing the applied field from negative Umax , where 
complete parallelism jj, occurs, initiates the M reversal 
of the pinned layer (exchange coupling with Mnir fa- 
vors positive magnetization) producing a gradual MR 
increase. However, when the field reaches small posi- 
tive values the free layer suddenly reverses its magne- 
tization, producing a discontinuous MR decrease. One 
notices that the reversal of the pinned layer is still not 
complete since MR does not reach the value observed in 
the decreasing field regime (see Fig. Eland below). To 
confirm that the rotation of the pinned layer continues 
under positive fields, we plot the difference between the 
maximum MR for decreasing and increasing fields (points 
A and B in Fig. and the difference between after-free- 
layer-reversal in increasing and before-free-layer-reversal 
in decreasing fields (points C and D in the same figure) 
as a function of temperature (not shown) . These differ- 
ences are indeed similar, showing that the anomalous MR 
bump in positive fields is due to the incomplete reversal 
of the pinned layer. A rise of (both) these differences 
is visible below ~ 200 K, which may be related to the 
presence of an AFM oxide in the NOLs. 

In Mnlr/CoFe bilayers it was shown that magnetiza- 
tion reversal proceeds by coherent rotation, nucleation, 
and motion of domain walls pifi We believe that stable 
domain walls still remain in the pinned layer under pos- 
itive fields and only gradually disappear as H increases, 
thus preventing full parallelism of the layer magnetic mo- 
ments. In fact, at low temperature we were unable to 
achieve zero MR even at positive Umax —8 kOe. It was 
recently found in CoFe thin films that 360° domain walls 
can indeed be stable up to high fields (rather than an- 
nihilating) and can give a significant contribution to the 
electrical resistancejii 

For decreasing fields from Umax , the free layer mag- 
netization suddenly reverses at a small negative field but 
maximum MR (full magnetic antiparallelism FMa/free 
layer) cannot be achieved due to the previous partial ro- 
tation/domain walls in the pinned layer; no AH plateau 
of maximum MR should then occur. Further field de- 
crease keeps the ongoing rotation of the pinned layer 
and produces a broad decrease of the MR ratio due to 
the FMb/FMa coupling (see model in Sec. II). When 
the field value reaches the bump in the left side of the 
MR(H) curve, the rotation of the FMa magnetization is 
almost complete, but FMf, is still far from complete rota- 
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tion [Figs. 2(c)-2(d)], due to the higher exchange pinning 
with the AFM. Complete parallel alignment is only ob- 
tained at a higher (negative) field. The model presented 
in Sec. II describes well important characteristics of this 
descending branch of the MR(H) curve (broadening and 
MR bump) for Jnoli ~0.4 Jexch ■ Because these anoma- 
lous features appear and grow with decreasing temper- 
ature, one concludes that 3 noli grows at a slower rate 
with decreasing temperature than 3exch- 

The model we presented here gives a fair description 
of the anomalous bump present in the MR(H) curve at 
negative fields, correlating it to the presence of the FMh 
layer in the NOL SV. However, the nonsaturation of MR 
at positive fields is not explained by our model and had 
to be explained in terms of irreversible processes (stable 
domain walls). The fact that this feature appears below 



^--^200 K, the same temperature at which exchange and 
pinned layer coercive fields showed great enhancemenlji^ 
(thus suggesting the presence of an AFM phase) suggests 
that it is related to the magnetic order in the NOLI layer. 
The magnetic structure of the Mnir layer can also have 
infiuence in the domain structure of the FM layerii^ 
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